The temperature dependence of capacitance and ac conductance for GaAs/AlGaAs multiquantum well ͑MQW͒ structures with 4, 8, 16, and 32 wells has been studied at different bias and frequency ranges. The dominant contribution to ac conductance depends on temperature and frequency, and changes from thermally assisted tunneling through the first excited state to thermionic emission with activation energies of 100Ϯ15 meV and 170Ϯ10 meV, respectively. In the temperature interval 80-100 K, conductance and capacitance have two distinct regions of frequency dispersion due to tunneling and thermionic emission respectively, giving rise to two relaxation times. Above 100 K, increased conductance makes electrical response of the MQW structure so fast that at frequencies up to 1 MHz relaxational properties are masked. A model based on a series circuit comprised of barrier resistance and capacitance in parallel shows results in good agreement with experimental data, indicating strong nonuniform conductance of MQW structures.
I. INTRODUCTION
Quantum well ͑QW͒ structures, either with or without resonant tunneling phenomena, have attracted much attention, partly due to the insight they provide into the device physics in microstructure quantum systems, and also because of their broad variety of practical applications such as multiquantum well ͑MQW͒ varactors, 1 lasers, 2 and infrared ͑IR͒ detectors. 3 Since the pioneering work by Esaki and Chang, 4 there have been extensive theoretical and experimental studies of vertical charge transport in these systems, most notably by means of direct current voltage ͑I-V͒ measurements.
2 Ac measurements such as capacitance voltage ͑C-V͒ or admittance spectroscopy have been proven useful in determining the charge distribution in semiconductors. 5 Knowledge of the capacitance and the relaxation time is also essential for incorporating QW structures into practical applications. Conduction or valence-band offsets in MQW structures, and high field domain formation in superlattices with pronounced resonant tunneling phenomena, were studied by means of C-V measurements. [6] [7] [8] The same measurements were used to study domain formation in MQW infrared detector structures. 9 Recombination parameters in MQWs were determined by impedance spectroscopy. 10 Theoretical and experimental studies of C-V characteristics of MQW structures with a Schottky emitter contact under dc bias are given in Ref. 11 and references therein. Unusual capacitance behavior of MQW infrared detectors, due to nonequilibrium transient electron injection from the emitter, leading to the onset of negative capacitance under bias at 80 K for one of the samples ͑4 well͒ studied here has been reported. 12 When admittance spectroscopy was applied previously to QW structures, the dc current was prevented by using either reverse biased pϪn junction, 13 Schottky junction, 6, 11 or blocking barrier, 10 since the dc current masks results of admittance spectroscopy. In MQW infrared detectors the dc current is not blocked. This makes the analysis of admittance spectroscopy data more difficult; however it gives more information on internal physics ͑not only capture/emission rate from QWs, but also about injection processes͒ if these different processes are properly resolved and interpreted. In this article we focus on the study of charge transport through quasiresonant states in unbiased MQW detector structures by means of admittance spectroscopy.
II. EXPERIMENTAL TECHNIQUES
MQW structures with 4, 8, 16 , and 32 wells designed as infrared detectors 14 were used in this study. Parameters of the samples are given in Table I . The wells were center ␦ doped to about 9ϫ10 11 cm Ϫ2 with Si. All wells have two bound states with energies of the order of 55 and 190 meV as seen in Fig. 1͑a͒ . The upper level is loosely bound: 20 meV below the top of the barrier. The positions of the Fermi level in the contact layer and in the well are 72 and 87 meV, respectively. The measurements were carried out in the frequency range of 20 Hz-1 MHz and the temperature range 4.2-160 K using a computer-controlled Hewlett-Packard 4284A LCR meter. The modulation voltage did not exceed 10 mV, which is much less than the energy separation between energy levels in quantum wells. a͒ Electronic mail: phyuup@panther.gsu.edu
III. EXPERIMENTAL RESULTS
Figures 2͑a͒ and 2͑b͒ show the temperature dependence of ac resistance and capacitance at zero bias for the 4 and 8 well samples, where four temperature regimes were identified according to resistance variations. The transition points are frequency dependent and shift toward higher temperatures with increased frequency. The vertical arrows in Fig.  2͑a͒ indicate the boundary between regimes for the 5 kHz R vs T data. The first regime is below 70 K, where resistance is temperature independent. The second regime lies between 70 and 85 K, where resistance decreases with temperature. In the third regime, the decrease in resistance is relatively small, or resistance even increases with temperature ͑espe-cially at frequencies Ͻ500 Hz͒. In the fourth regime, the resistance is independent of frequency and all the curves start to merge. The most interesting feature of the capacitance data shown in Figs. 2͑a͒ and 2͑b͒ is a step in the capacitance. The temperature variation of resistance and capacitance are related, with most of the increase in capacitance taking place in the third regime where the conductance is changing from low to high temperature behavior. For all frequencies, the capacitance saturates at the beginning of the fourth regime and then slowly decreases with temperature increase. All samples ͑with 4, 8 pF were measured, respectively. The maximum value of capacitance 180-160 pF for all samples in the fourth regime, is much higher than the geometrical capacitance of the mesa. The effective thickness of the structure related to this capacitance is Ϸ360 Å, which is comparable with the thickness of a single period ϳ310 Å. This discrepancy between high and low temperature capacitance is a strong indication of changing of space charge in the superlattice. This space charge also causes a deviation of the measured capacitance from its geometrical value. All samples show similar behavior, although the strength of the features observed changes with number of wells. The data for the samples with the strongest features are presented here. Figure 3͑a͒ shows the influence of dc bias on the temperature behavior of resistance at a frequency of 10 kHz for the 8 well sample. As the bias voltage increases, the third regime becomes narrower and the slopes of the resistance versus temperature curves for second and fourth regimes start to merge. At a bias voltage above 200 mV the third regime disappears and the second and fourth regimes merge into a single regime. Figure 3͑b͒ shows the change in the temperature behavior of capacitance under increasing dc bias. As bias voltage increases the saturated value of capacitance decreases, and after saturation, capacitance descends to zero. For a bias voltage у450 mV the step disappears completely and the capacitance changes from a low temperature capacitance to a negative value as was reported earlier for a MQW structure with 4 wells. Figures 4͑a͒ and 4͑b͒ show the temperature dependence of ac and dc conductance for 4 and 8 well samples at 10 mV bias. It indicates that for a low temperature region whose boundary is frequency dependent, the ac conductance is higher than the dc conductance. As the frequency increases the point at which ac and dc conductance begin to merge shifts to a higher temperature. The activation energy for the merged stage of ac and dc conductance is 165Ϯ10 meV. With the Fermi energy 72 meV in the contact layer this gives an effective height of ϳ237 meV for the emitter barrier. All samples give the same activation energy with high reproducibility. Applied dc bias significantly changes the conductance at the fourth regime. An increase of dc bias from 100 to 450 mV for the 8 well sample decreases the activation energy of ac conductance at the merged stage from 140Ϯ10 meV to 120Ϯ10 meV with a corresponding lowering of the effective barrier height. This leads to a dissipation of space charge in the superlattice and a decrease in the capacitance step. The ac conductance observed during the second regime has an activation energy of 100Ϯ15 meV and arises from the displacement of electrons inside the MQW structure. These electrons under ac bias can contribute to capacitance and ac conductance while dc conductance is insensitive to a displacement of confined carriers.
The observed temperature variation of capacitance and resistance is due to three different contributions to the current. These contributions are: tunneling through the ground state ͑TG͒, thermally assisted tunneling ͑TAT͒, and thermionic emission ͑TE͒, with each mechanism having different temperature and frequency dependence. At the first regime ͑in Fig. 2͒ where resistance and capacitance are temperature independent, conductance is provided by TG, which also does not depend on temperature. At the second and third regimes TAT and TE give the dominant contribution to conductance, respectively. For the fourth regime only TE conductance is dominant. It should be noted that because of depletion in the contact wells, the activation energy for TE at the contact barriers should be higher than at interwell barriers. The obtained value ϳ165 meV for TE activation energy at the fourth regime is much higher than the expected activation energy ϳ120 meV for the interwell barriers, indicating that high temperature conductance is dominated by the contact barriers rather than interwell barriers.
To separate the contribution of TAT and TE during the second and third regimes, the frequency dependence of capacitance and conductance was studied at different temperatures. The data for the 8 and 16 well samples is depicted in Figs. 5 and 6. At low temperature corresponding to the first regime (TϽ70 K͒, G/ and C have a small increase as the frequency decreases from 1 kHz. As the temperature increases, the second regime becomes achievable at a frequency range 1-10 kHz, the first maximum emerges on the conductance curves and shifts to the higher frequency as the temperature increases, and then disappears around 100 K. In the temperature region where second and third regimes are achievable, conductance curves display two maxima. For T Ͼ100 K only the fourth regime is achievable in the whole frequency region and G/ monotonically increases without displaying any noticeable maximum with frequency decrease. Capacitance, which is independent of frequency at low temperature, displays a steplike variation as the frequency is lowered at TϾ70 K with saturated value 160-180 pF. In the temperature region where the conductance curves display two peaks, capacitance has two close steps which can be observed for both samples ͓Figs. 5͑b͒ and 6͑b͔͒. Comparison of conductance and capacitance curves shows that at frequencies where G/ has a maximum, capacitance reaches a half step value. In regular admittance spectroscopy, 5 the step in capacitance and peak in conductance are related to the thermal emission rate from a trap level, which has to be equal to the angular frequency of applied ac voltage. In the case of MQW structures, the inverse angular frequency of the conductance peak or capacitance step gives the relaxation time of the superlattice for conductance dominating this frequency region. 15 The activation energy of conductance in a MQW structure can be obtained from an Arrhenius plot of log() versus inverse temperature of the G/ peak or capacitance step. Estimation of activation energies for the 8 well sample indicates 100Ϯ10 and 110Ϯ10 meV for the high and low frequency peaks, respectively. This activation energy for TAT, the transition from the ground state to the excited state obtained for low temperature conductance, is in a good agreement with 100 meV obtained for the high frequency peak. The low frequency activation 110 meV is in agreement with the designed ͑120 meV͒ activation energy for TE conductance at the interwell barriers and describes emission of electrons from the wells.
Another way to display the presence of TAT and TE in the ac conductance of MQW structures is the Cole-Cole diagram technique using the complex capacitance C*ϭC ϩG/i. 16 This diagram is a plot of the imaginary component of the complex capacitance, CЉϭG/, versus the real component, CЈϭC. In the case of a single mechanism being responsible for the frequency dispersion of conductance and capacitance, the Cole-Cole plot is a semicircle with a summit point satisfying the condition ϭ1, where is the relaxation time for this particular mechanism. Figure 7͑a͒ depicts Cole-Cole arc plots for the 4 well sample at different temperatures. Initially, at Tϭ70 K when only the second regime is achievable, the Cole-Cole diagram is a semicircle indicating that only a single mechanism with relaxation time ϭ800 s gives the dominant contribution to conductance of the MQW structure. With increasing temperature, the data start to form into two semicircles, indicating the presence of two relaxational processes, for which best fits were obtained at 80 K. The relaxation times found for the Cole-Cole diagram at 80 K, depicted in Fig. 7͑a͒ , are 1 ϭ6 s and 2 ϭ80 s. Above 110 K, increased conductance makes the electrical response of the MQW structure so fast that relaxational properties cannot be seen up to a frequency of 1 MHz. Figure 7͑b͒ depicts the Cole-Cole plot for all samples at Tϭ80 K. Lower capacitance arcs are related to high frequency dispersion where TAT conductance is dominant. Higher capacitance arcs correspond to the low frequency dispersion arising from TE conductance. Relaxation times found for the high frequency dispersion region for 4, 8, 16, and 32 well samples are (4)ϭ6 s, (8) ϭ74 s, and (32)ϭ100 s, respectively. In the low frequency region these times are (4)ϭ80 s, (8)ϭ110 s, (16)ϭ210 s, and (32)ϭ230 s. As can be seen from these data, the difference between relaxation times for low and high frequency decreases rapidly as the number of wells increases. Cole-Cole diagrams also show that the boundary between two arcs disappears and they start to merge as the number of wells increases.
IV. EQUIVALENT CIRCUIT FOR MQW STRUCTURE
The simplest way to relate the measured conductance and capacitance to the parameters of the MQW structure is to model the device using a series of identical circuits consisting of resistors and capacitors in parallel as shown on Fig.  1͑b͒ . Generally this type of circuit is used to analyze ac conductance and capacitance of inhomogeneous samples. 17 In the case of superlattices, this type of modeling is possible if the transfer of electrons across the barriers can be considered as a sequence of incoherent tunneling events, i.e., if electrons are scattered after each tunneling event. The barrier can then be replaced by a resistor and a capacitor in parallel. 18 In the present samples, thick barriers (Ͼ238 Å͒ make the electron states of adjacent wells weakly coupled, justifying this approach. Each barrier can be characterized as a capacitor, C b , with conductance GϭG tg ϩG ta ϩG te , where G tg is the conductance due to tunneling through ground states, G ta is the conductance due to thermally assisted tunneling through excited states, and G te is the conductance due to thermionic emission. This model treats the wells as metal plates. Accumulation of charge in the wells is partly taken into account by nonuniform barrier conductance but the effect of long-range ͑Coulomb͒ interaction between wells cannot be considered for this equivalent circuit. An important problem lies in the treatment of the external barriers where electrons are injected into or extracted out of the superlattice. Here the electrons tunnel from a threedimensional ͑3D͒ electron population into a 2D population inside the quantum well of the superlattice and vice versa on the opposite barrier. Although this process is not yet clearly understood, 19 it is possible that for at some temperature and bias range, the conductances for contact barriers and interwell barriers inside of the superlattice are dominated by different mechanisms. An estimation of the effective length the MQW structure from the saturated value of capacitance for the first and second capacitance steps gives a length corresponding to two and one periods, respectively. This means that two barriers have conductances distinguishable from each other and from the rest of the barriers. The structures studied here have depleted first and last wells since the Fermi energy in the contact layer is less than in the quantum wells.
As can be seen in Fig. 1͑a͒ , the expected activation energies for TE current is 140 meV for the contact barriers, and 120 meV for the interwell barriers. The applied probe ac voltage preserves the depletion in the well next to the emitter barrier while redistribution of electrons inside the superlattice can decrease the space charge in the collector well. This also should decrease activation for TE at the collector barrier. Evaluation of the escape time for TAT gives 0.8 and 125 ps for interwell and collector barrier, respectively. Thus the conductance of the MQW structure is different for three different spatial regions. In the first region, G 1 , the TE conductance of the emitter barrier controls the current with an experimental value of the activation energy of ϳ165 meV. In the second region, G 2 , the TE conductance of the collector barrier dominates with activation energy ϳ125 meV ͑close to the designed value for the TE of interwell barrier͒. In the third region, G 3 is the total conductance of the individual interwell barriers ͑dominated by TAT͒ with an experimental value of the activation energy of ϳ100 meV ͑equal to the difference between the energy of the excited state and the Fermi level͒. Writing a barrier capacitance as C, it is possible to express the total impedance Z t of the modeled circuit as:
The modeled conductance G m and capacitance C m are the real and imaginary parts of the admittance expressed in terms of the equivalent circuit parameters giving
Here, AϭmG 12 ϩG 13 ϩG 23 , A 1 ϭmG 12 2 ϩG 13 2 ϩG 23 2 , B ϭG 1 ϩG 2 , B 1 ϭG 1 2 ϩG 2 2 , B 2 ϭG 1 ϩG 2 ϩmG 3 , G 123 ϭG 1 G 2 G 3 . The terms of type G i j are cross products G i G j .
V. DISCUSSION
The observed temperature and frequency behavior of capacitance and conductance can be qualitatively understood on the basis of the equivalent circuit shown in Fig. 1͑b͒ . At low temperature, the MQW structure is ''frozen out'' and all of the conductances G 1 ,G 2 ,G 3 ӶC b . From Eq. ͑3͒ under this condition, the modeled capacitance gives C m ϭC b /(mϩ2). This is the geometrical capacitance of the MQW structure which does not depend on temperature and describes the first regime shown in Figs. 2͑a͒ and 2͑b͒ . As the temperature increases, TAT starts to contribute to the conductance of the MQW structure. For nG 3 ӷG 1 ,G 2 and G 3 /CӶ(mϩ2)/2 from Eq. ͑2͒, the modeled conductance is G m ϭmG 3 /(mϩ2) 2 , which describes the second temperature regime. With increasing frequency, the second condition can be satisfied over a wider temperature range. This explains the temperature shift of the break point between the second and third regimes for resistance curves shown in Figs. 2͑a͒ and 2͑b͒ . When G 3 /Cϳ(mϩ2)/2 the measured conductance enters the third regime. The structure noticeable on the resistance curves in this regime results from terms containing G 2 , C and their products. In the fourth regime, increasing conductance makes all terms containing C negligible. Under this condition, and assuming that G 2 and G 3 are much higher than G 1 , Eq. ͑2͒ yields the TE conductance of emitter barrier controlling current in the MQW structure. Modeling calculations indicate that for all temperature regimes where the conductance G tg is negligible, G 3 ӷG 2 ӷG 1 , allowing a simplification of Eq. ͑3͒ for analyzing temperature or frequency behavior of capacitance:
At low temperature ͑LT͒ and high frequency ͑HF͒ ͓where G 3 /CӶ(mϩ2)/2; G 2 /CӶ1] this expression gives the geometrical capacitance which can be seen at high frequency in Figs. 6͑a͒ and 6͑b͒. At high temperature ͑HT͒ and low frequency ͑LF͒ ͓where G 3 /Cӷ(mϩ2)/2; G 2 /Cӷ1], Eq. ͑4͒ yields the capacitance of a single barrier and describes the saturation of capacitance with temperature or frequency. As can be seen from Figs. 2͑a͒ and 2͑b͒ and Figs. 5͑b͒ and 6͑b͒, in the temperature region 80-100 K the capacitance has a tendency to display two close steps. This happens when the conductance G 3 satisfies HT, LF regimes while the conductance G 2 is still in LT, HF regimes. The break point between two steps corresponds to half of the saturated value of capacitance. Based on Eqs. ͑2͒ and ͑3͒, the temperature dependence of conductance and capacitance for the 8 well sample at frequencies of 1, 10, and 100 kHz, were calculated ͓see Figs. 8͑a͒ and 8͑b͔͒. G 1 , G For G 1 and G 3 the experimental values of the activation energies ⌬E 1 ϭ165 meV for TE on the emitter barrier and ⌬E 3 ϭ100 meV for TAT were used. Preexponential factors and G tg were evaluated from the temperature dependence of conductance, giving G tg ϭ1.5ϫ10 Ϫ7 S, G 10 ϭ1600 S, and G 30 ϭ125 S. The activation energy ⌬E 2 was taken as the designed value of 125 meV with a pre-exponential factor G 20 ϭ250 S, which was determined by fitting the model to experimental data. The barrier capacitance Cϭ200 pF and all pre-exponential factors were used as fitting parameters. As can be seen from Figs. 8͑a͒ and 8͑b͒, calculated and measured conductance and capacitance values are in good agreement in the temperature region 40-140 K.
The same experimental and fitting parameters were used as in the calculations above for modeling of frequency dependence of capacitance and conductance. The result of the calculation and the experimental data for the 8 dispersion region shifts to lower frequency and becomes less noticeable with an increase in the number of barriers. For the 32 well sample, both experimental and calculated data are shown in the insert in Figs. 9͑a͒ and 9͑b͒, giving similar results and indicating that at 80 K HF and LF dispersions have merged giving a broader maximum in the conductance curve. In general, the experimental results are in remarkable agreement with the modeling calculations for all samples, supporting the simple model used. The importance of contact and distributed effects in MQW infrared detectors was theoretically predicted 20 and this article confirms this experimentally. It should be noted that, if the MQW structure has a uniform conductance, G m and C m are simply the conductance and capacitance of a single barrier divided by the number of barriers, and are independent of frequency. Applied dc bias (ϳ450 mV, Fig. 3͒ reduces activation energy for emitter barrier and makes the conductance of all barriers approximately equal, with activation energy ϳ120 meV. This leads to the disappearance of the space charge and the capacitance step. Modeling clearly indicates that temperature and frequency variations of conductance and capacitance result from TAT and TE which contribute differently to the conductance of contact and interwell barriers.
VI. CONCLUSIONS
In conclusion, measurement of ac conductance and capacitance may provide a spectroscopy of energy levels responsible for vertical charge transport in superlattices. In this article, we show that TAT and TE of MQW structures are dominant at different temperature and frequency regions, giving two relaxation mechanisms. Depletion in the contact wells increases the activation energy for TE of the contact barriers and leads to inhomogeneous transport of electrons, giving a step in capacitance. Modeling of the MQW structure as a serial circuit of barrier resistance and capacitance in parallel gives a fair description of charge transport at frequencies up to 1 MHz. There is a clear need for more studies in order to elucidate the mechanism of current inhomogeneity and to fully understand transport properties of MQW structures. These factors are decisive for design and improvement of MQW devices.
